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Research highlights
 Scorpis aequipinnis attains 68 years and 477 mm FL and matures at 14-16 years.
 These values are far greater than for Scorpis lineolatus in eastern Australia. 
 Maturity is attained by both Scorpis species at an atypically large relative length.
 Male Scorpis aequipinnis had a higher than expected level of fishing mortality.
 Scorpis aequipinnis is potentially susceptible to local over-exploitation.Page 2 of 42
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ABSTRACT This study has determined the biological characteristics of Scorpis aequipinnis on  17 
the south coast of Western Australia. It thus supplements the limited amount of data for members  18 
of  the  widely-distributed  and  speciose  Kyphosidae,  which  contains  species  that  make  an  19 
important contribution to certain ecosystems and local commercial and recreational fisheries and  20 
have  considerable  aquaculture  potential.  Scorpis  aequipinnis  was  aged  using  the  number  of  21 
annuli in sectioned otoliths and its growth described using the Schnute growth equation. This  22 
species attains a greater maximum fork length (FL), i.e. 477 vs 330 mm, and greater maximum  23 
age, i.e. 68 vs 54 years, than S. lineolatus on the eastern Australian coast, where its stock has  24 
apparently experienced excessive exploitation. Scorpis aequipinnis thus exhibits characteristics  25 
that would make it particularly susceptible to over-fishing should fishing effort on the south  26 
coast increase as anticipated. Scorpis aequipinnis and S. lineolatus exhibit similar and very rapid  27 
growth initially, reaching 90% of their asymptotic fork lengths (FL∞) at 14-16 and 12 years,  28 
respectively, and then grow only slightly for much of the remainder of their extensive life spans.  29 
The FL50s at maturity for female and male S. aequipinnis (363 and 379 mm, respectively) and for  30 
both sexes of S. lineolatus combined (172 mm) were each far greater than would be expected  31 
given their respective FL∞s. There have thus been strong selection pressures for the attainment  32 
by both species of a relatively large size prior to maturation. The main spawning period of S.  33 
aequipinnis, which occurs between late autumn and mid-winter when water temperatures are  34 
declining rapidly, and those of other recreational and commercial species on the south coast of  35 
Western Australia vary markedly, thereby reducing the potential for inter-specific competition  36 
for  resources  by  their  larvae  and  juveniles.  The  estimate  of  fishing  mortality  for  male  37 
S. aequipinnis was greater than expected, possibly reflecting a combination of site fidelity and  38 
the localisation of commercial fishing.   39 Page 4 of 42
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1. Introduction  41 
The Kyphosidae (sea chubbs) is a relatively speciose family that is found throughout the  42 
Indian, Pacific and Atlantic oceans (Nelson, 2006).  One of its three subfamilies, the Scorpidinae  43 
(halfmoons),  comprises  four  genera,  among  which  Scorpis  (sweeps)  is  represented  by  five  44 
species that occur in schools along rocky shores and in depths up to 200 m (Gomon et al., 2008).  45 
The three Scorpis species found in southern Australian waters (Gomon et al., 2008) contain the  46 
sea  sweep  Scorpis  aequipinnis  and  silver  sweep  Scorpis  lineolatus,  which  are  fished  47 
commercially  and  recreationally  (Stewart  and  Hughes,  2005;  Fletcher  and  Santoro,  2010).  48 
Scorpis lineolatus, which is the smallest of these species, reaches a total length (TL) of 370 mm  49 
and  is  found  in  the  coastal  waters  of  eastern  Australia  and  New  Zealand  (Hutchins  and  50 
Swainston, 1986; Gomon et al., 2008). In contrast, S. aequipinnis attains a maximum TL of 610  51 
mm  and  is  found  predominantly  on  the  lower-western  and  southern  coasts  of  Australia  52 
(Hutchins, 2005; Gomon et al., 2008).  53 
The  high  site  fidelity  and  schooling  behaviour  of  scorpinids  make  their  species  54 
particularly susceptible to local depletion (Kingsford, 1989; Stewart and Hughes, 2005; Gomon  55 
et  al.,  2008;  Gray  et  al.,  2010).  In  New  South  Wales,  the  annual  commercial  catches  of  56 
S. lineolatus declined markedly after the mid-1990s, raising concerns regarding the status of the  57 
stock of this species in those waters (see Stewart and Hughes, 2005). A subsequent detailed  58 
biological study demonstrated that, although S. lineolatus can live for over 50 years, most of its  59 
growth occurs during the first two to three years in life, during which it reaches a FL of ~ 170  60 
mm  and  attains  maturity  (Stewart  and  Hughes,  2005).  Despite  the  speciose  nature  of  the  61 
Kyphosidae  and  the  importance  of  certain  of  their  species  to  local  fisheries  and  particular  62 
ecosystems and also their potential for aquaculture, there have been only a few studies on the  63 Page 6 of 42
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age,  growth  and  reproduction  of  other  members  of  this  family  (Pollock,  1981;  Dedual  and  64 
Pankhurst, 1992; Gray et al., 2010; Bredvik et al., 2011). It is still evident from comparisons,  65 
however, that the longevity of species can vary markedly even among just the Scorpidinae, with  66 
maximum ages ranging from low as 8 years for Medialuna californiensis (Bredvik et al., 2011)  67 
to 54 years for S. lineolatus (Stuart and Hughes, 2005).   68 
Although substantially larger than its east coast congener S. lineolatus, S. aequipinnis is  69 
fished only lightly by commercial and recreational fishers (Fletcher and Santoro, 2010). There  70 
can be little doubt, however, that fishers will start targeting S. aequipinnis on the south coast to a  71 
greater extent as fishing pressure on key species on this coast increases, and thereby parallel the  72 
situation on the far more populated lower west coast. This would cause concern as S. aequipinnis  73 
has recently been listed as “at risk” by the Department of Fisheries, Western Australia (Anon.,  74 
2011), as it was assumed that it possessed the biological characteristics, such as considerable  75 
longevity, which contributed to the overexploitation of its congener S. lineolatus. As the fishing  76 
mortality of S. aequipinnis along the south coast is probably low at the present time, this species  77 
has the potential to be one of a small suite of species that could act as a valuable indicator of the  78 
effects of fishing on the south-western Australian fishery in the future.   79 
The present study has determined the length and age compositions, growth, spawning  80 
period and length and age at maturity of S. aequipinnis on the south coast of Western Australia  81 
and estimated the current level of fishing mortality of this stock. These data were compared with  82 
those recorded for the more heavily-fished S. lineolatus (Stewart and Hughes, 2005) to test the  83 
hypothesis that the much larger size of S. aequipinnis reflects a more protracted initial period of  84 
rapid growth, a greater longevity and a greater length and age at maturity. Such differences  85 
would indicate that S. aequipinnis is potentially more susceptible than S. lineolatus to heavy  86 Page 7 of 42
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fishing pressure. The hypothesis that, at present, however, the fishing mortality on S. aequipinnis  87 
remains low is tested, recognising that, as the demand for recreational fish species and food in  88 
Western Australia continues to rise, the exploitation of S. aequipinnis and thus the pressure on its  89 
stock will presumably increase. Finally, the timing of gonadal recrudescence and spawning of S.  90 
aequipinnis is determined and considered in the context of trends exhibited by water temperature  91 
and day length. The duration of the spawning period is compared with those of other commercial  92 
and recreational fish species on the south coast of Western Australia to ascertain whether these  93 
species  are  recruited  at  different  times  of  the  year  and  thereby  potentially  reducing  the  94 
competition for resources among their juveniles.  95 
  96 
2. Materials and methods  97 
2.1 Water temperature and day length  98 
The average monthly sea surface temperatures (SST) in waters offshore from Esperance  99 
on the south coast of Western Australia (~ 34°S, 122°E) in 2008-2010 were obtained from the  100 
Reynolds SST database (Reynolds et al., 2007). The length of each day at Esperance in each  101 
calendar month during 2008 to 2010 was obtained from Geoscience Australia (www.ga.gov.au).  102 
  103 
2.2 Sampling regime   104 
Scorpis aequipinnis  was  caught  by  spear  fishing  in  waters  up  to  20  m  deep  around  105 
offshore islands in the vicinity of Esperance in March, May and August 2010. In addition, larger  106 
and filleted S. aequipinnis (> ~ 300 mm FL) were obtained regularly between October 2008 and  107 
February 2011 from commercial catches taken in the same region by hand or wet lining further  108 Page 8 of 42
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offshore in depths of ~ 20-50 m, either through targeting this species or as a bycatch when  109 
fishing for octopus (Octopus cf. tetricus).   110 
  111 
2.3 Length and weight measurements  112 
A total of 795 S. aequipinnis was collected, of which 103 were intact, 632 were filleted  113 
but still contained gonads, and 60 were filleted and eviscerated and could thus not be sexed. The  114 
TL and FL of all fish were measured to the nearest 1 mm and the total weight (TW) of each  115 
intact fish was recorded in the nearest 0.1 g. The relationship between FL and TW of intact fish  116 
was  used  to  estimate  the  weights  of  S. aequipinnis  prior  to  filleting.  The  FL  measurements  117 
enabled  comparisons  to  be  made  directly  with  those  recorded  for  S.  lineolatus  in  eastern  118 
Australia (Stewart and Hughes, 2005), while TL is the traditional size measure used in studies of  119 
commercial and recreational fish species in Western Australia, including those on its south coast  120 
(e.g. Moore et al., 2007; Coulson et al., 2009, 2010; Cossington et al., 2010; Wakefield et al.,  121 
2010). The gonad weight (GW) of each intact fish and of each filleted fish with fully-intact  122 
gonads was recorded to the nearest 0.01 g.  123 
  124 
2.4 Age determination and growth  125 
The opaque zones on the ventral side of sectioned sagittal otoliths of each S. aequipinnis  126 
were counted. These zones were validated as being formed annually by analysing the trends  127 
exhibited throughout the year by the marginal increment, MI, i.e. the distance between the outer  128 
edge of the single or outermost opaque zone and the otolith periphery. The MI was expressed as  129 
a proportion of either the distance between the primordium and the outer edge of the single  130 
opaque zone, when one such zone was present, or of the distance between the outer edges of the  131 Page 9 of 42
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two outermost opaque zones when two or more such zones were present. See Coulson et al.  132 
(2009, 2010) for detailed methodology for ageing and its validation.   133 
The counts of the opaque zones in each otolith by the first author were the same on all or  134 
two occasions for 99.0% of the otoliths and were thus the counts used for ageing S. aequipinnis.  135 
The coefficient of variation, CV, (Chang, 1982; Campana, 2001) between the final counts for a  136 
subsample of otoliths from 200 S. aequipinnis, which covered a wide size range of fish, and  137 
those obtained independently for the same otoliths  on a single occasion by a second reader  138 
(Elaine Lek), was 4.2%, demonstrating an acceptable level of agreement (Campana, 2001).   139 
Each fish was assigned an age, based on the number of opaque zones in its otolith, but  140 
taking into account the date of capture of the fish, the “average” birth date (approximate mid- 141 
point of the spawning period) of 1 July (see Results) and the time of year when the single or  142 
outermost of those zones become delineated. von Bertalanffy growth curves were fitted to the  143 
FLs at age of the females and males of S. aequipinnis. The von Bertalanffy growth equation has  144 
the form  , where FLt is the FL (mm) at age t (years), FL∞ is  145 
the asymptotic FL (mm) predicted by the equation, k is the growth coefficient (year
-1) and t0 is  146 
the hypothetical age (years) at which fish would have zero length.   147 
The four-parameter generalised von Bertalanffy growth model of Schnute (1981),   148 
 ,  149 
was also fitted to the FLs at age for S. aequipinnis, where FL1 and FL2 are the estimated FLs at  150 
selected reference ages τ1 and τ2, i.e. 1 and 25 years, respectively, and a (a > 0) and b (b > 0) are  151 
constants, which combine to describe the shape of the curve. When fitting the model, errors were  152 
assumed to be additive and normally-distributed. The asymptotic FL for this growth curve was  153 
calculated as,  154 Page 10 of 42
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.  155 
The model was fitted using nonlinear regression and employing Solver in Microsoft
TM Excel.  156 
Approximate 95% confidence limits for the parameters and predicted FLs at age were calculated  157 
as the 2.5 and 97.5 percentiles of the results obtained by re-fitting the model to each of 1000  158 
randomly re-sampled data sets.   159 
A likelihood-ratio test (Cerrato, 1990) was used to compare the growth of the females  160 
and males of S. aequipinnis using both von Bertalanffy and Schnute growth curves (for further  161 
details, see Coulson et al. 2010). A similar procedure was used to determine whether the four- 162 
parameter Schnute growth curve provided a significantly better fit to the FLs at age for the  163 
females and males than the von Bertalanffy growth curves.   164 
  165 
2.5 Treatment of gonads  166 
The prevalences of S. aequipinnis with gonads at each of six developmental stages, as  167 
defined  by  Coulson  et  al.  (2010),  but  combining  stages  I  and  II,  were  determined  168 
macroscopically using females and males with lengths ≥ 363 and 379 mm FL, respectively, the  169 
FLs by which 50% of females and males reached maturity (FL50), respectively (see Results). The  170 
females and males with gonads at stages III-VII in each year were likely to mature (i.e. stages  171 
III-V) or to have matured (i.e. VI-VII) during that year have, for convenience, been termed  172 
mature (for rationale see Results). Mean monthly gonadosomatic indices (GSIs) were determined  173 
for  females  and  males  ≥  FL50s  at  maturity  employing  the  equation  ,  174 
where GW = gonad weight and TW = total weight.  175 Page 11 of 42
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The FLs of female and male S. aequipinnis at sexual maturity were determined from  176 
logistic regression analysis employing re-parameterised forms of the logistic equation. The form  177 
of the logistic model relating the probability that a female is mature to its FL was  178 
,  179 
where PFL is the expected proportion of mature fish at a particular FL and FL50 and FL95 are the  180 
FLs at which 50 and 95%, respectively, of the fish are mature. For full details see Moore et al.  181 
(2007) and Cossington et al. (2010).   182 
As a substantial proportion of larger males remain immature, the subset of maturity data,  183 
for which both FL and age were available, were employed in the following manner,  184 
,  185 
to determine the FL at maturity. In this model, PFL,Age is the expected proportion of fish of the  186 
specified FL and age that are mature and Pmax, α, β, and γ are the estimated parameters. Pmax is  187 
the asymptotic proportion of mature fish. This model, and alternative versions in which (1) γ was  188 
set to zero, and (2) γ was set to zero and Pmax was set to 1, were fitted and compared using a  189 
likelihood-ratio test. As this test demonstrated that the most appropriate model for the males was  190 
that for which   was set to zero and Pmax was estimated rather than set to 1 (see Results), i.e. a  191 
model that could be re-parameterised as,  192 
,  193 
subsequent analysis for the males was based on this latter form of the model and employed the  194 
set  of  data  for  which  FL  and  maturity  status  were  available.  In  this  model,    and  195 
 are the FLs at which the expected proportions of mature fish are 50 and 95% of Pmax,  196 
respectively. The FL50 was estimated as,  197 
.  198 Page 12 of 42
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Note that, as   (see Results), the value for FL95 could not be estimated. A similar  199 
approach to that used for females was employed to determine 95% confidence limits for the  200 
parameter estimates or predicted proportions of mature males.  201 
Following the approach adopted for females for FL at maturity, the ages of female and  202 
male S. aequipinnis at maturity (and approximate 95% confidence intervals) were determined by  203 
fitting the logistic model  204 
  205 
where PAge = the predicted proportion of mature fish at a particular age, and   and   are the  206 
ages at which the expected proportions of fish that are mature are 50 and 95%, respectively.   207 
  208 
2.6 Mortality  209 
The numbers of aged, commercially-caught females and males of S. aequipinnis within  210 
each (integer) age class were calculated and the resulting age composition data subjected to catch  211 
curve  analysis  (e.g.  Ricker,  1975).  This  analysis  assumed  that  the  observed  frequency  212 
distribution of fully-recruited fish was a sample from a multinomial distribution, where the age at  213 
full recruitment for each sex was assumed to be two years older than the age of the fish in the age  214 
class with the peak frequency (Ricker, 1975).    215 
The expected probability pj that a fish is in age class j (0 ≤ j ≤ J – 1, where j is the age  216 
relative to the age at full recruitment and J is the number of fully-recruited age classes in the age  217 
distribution) was calculated as  218 
.  219 
The instantaneous rate of total mortality Z was estimated by maximising the log-likelihood  ,  220 
where   221 Page 13 of 42
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  222 
and fj is the observed frequency of fish of age j.  Lower and upper 95% confidence limits for Z  223 
were estimated using likelihood profiles. Values of the instantaneous rate of natural mortality    224 
for females and males were estimated using the equation, ln Z= 1.46 – 1.01 ln tmax, where tmax is  225 
the maximum age of the fish (Hoenig, 1983).  Estimates of fishing mortality F were calculated  226 
by subtracting the estimates of natural mortality from those of total mortality.  227 
.  228 
3. Results  229 
3.1 Water temperature and day length  230 
  Mean monthly sea surface temperatures off Esperance in 2008-2010 reached a maximum  231 
of 19.2°C in March (early autumn), before declining to a minimum of 15.2°C in September  232 
(early spring). Mean monthly day length in the same period was shortest in June (early winter),  233 
i.e. 10.0 h, and longest in December (mid-summer), i.e. 14.9 h (Fig. 1).  234 
  235 
3.2 Validation of ageing using otoliths  236 
Alternating opaque and translucent zones were clearly visible in those sectioned otoliths  237 
of S. aequipinnis that contained at least one opaque zone (Fig. 2). Irrespective of the number of  238 
opaque zones on the otoliths, the mean monthly marginal increments rose from a minimum in  239 
February to reach maximum levels between July (mid-winter) and November (late-spring) and  240 
then declined (Fig. 3).   241 
The otoliths of small S. aequipinnis (69 - 97 mm FL) in March (early autumn) and of the  242 
corresponding cohort (84 - 122 mm FL) in May (late autumn) contained a small, distinct central  243 Page 14 of 42
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opaque region surrounded by a wide translucent region (Fig. 2a). In contrast, the otoliths of three  244 
individuals (101 - 156 mm FL) in August (late winter) contained a single opaque zone that was  245 
delineated from  the otolith edge  by  a narrow translucent  zone at  the otolith  margin. As the  246 
proposed  birth  date  for  S. aequipinnis  is  July  1,  i.e.  mid-winter  (see  Results),  the  small  247 
individuals in March and May were ~ 9 and 11 months old, respectively, whilst those in August  248 
were ~ 13 months old. The first opaque zone is thus laid down in the otoliths of S. aequipinnis  249 
during the second winter of life when fish are ~ 1 year old.  250 
  251 
3.3 Length-weight relationships, length and age compositions and growth  252 
ANCOVA, employing TL as the dependent variable, FL as the independent variable and  253 
sex as the fixed factor, showed that the relationships between TL and FL for females and males  254 
were significantly different (P < 0.05). The linear relationships between TL and FL for females is  255 
 (P < 0.001, r
2 = 0.99, n = 292) and for males is   (P  256 
< 0.001, r
2 = 0.99, n = 406). As ANCOVA showed that the relationships between TW and FL for  257 
females and males were not significantly different (P > 0.05), the data sets for TW and FL for  258 
both sexes were pooled. The linear relationship between the natural logarithms of TW and FL for  259 
S. aequipinnis is   (P < 0.001, r
2 = 0.99, n = 103).  260 
The 717 Scorpis aequipinnis, which were aged and sexed, ranged in FL from 69 to 477  261 
mm and in age from 0 to 68 years (Fig. 4). The fish collected by spear fishing ranged from 69 to  262 
411 mm FL and from 0 to 20 years of age, while those collected by commercial fishers ranged  263 
from 243 to 477 mm FL and from 3 to 68 years of age (Fig. 4).   264 
The overall ratio of females to males for S. aequipinnis in commercial catches (0.7:1.0)  265 
was significantly different (P < 0.001) from parity (χ
2 =
 16.4). The percentage of females in  266 Page 15 of 42
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commercial catches was greater in each of the four FL classes between 300 and 399 mm, which  267 
were all well represented in those catches, whereas the reverse was true for each FL class > 400  268 
mm (Fig. 4). The proportion of males exceeded that of females in all age classes between 10 and  269 
29 years, but not in older age classes. Although the maximum FL for male S. aequipinnis was  270 
slightly  greater  than  that  of  their  females,  i.e.  477  vs  469  mm,  females  reached  a  greater  271 
maximum age, i.e. 68 vs 59 years (Fig. 4).  272 
von  Bertalanffy  growth  curves  for  female  and  male  S. aequipinnis,  which  were  273 
significantly different (P < 0.001), provided good fits to the FLs at age of the two sexes (Figs.  274 
5a, b), with r
2 values of 0.91 and 0.84, respectively (Table 1). The growth curve underestimated,  275 
however, the FLs at age of older females, i.e. > 30 years (Fig. 5a). The four-parameter Schnute  276 
(1981) growth curve provided a significantly better fit than the von Bertalanffy growth curve to  277 
the FLs at age of males as well as females (both P < 0.001). The Schnute growth curves for  278 
female and male S. aequipinnis (Fig. 5c, d) were significantly different (P < 0.001) (Table 1). On  279 
the basis of Schnute growth curves, females attain FLs of 275, 343, 395, 412 and 419 mm at 5,  280 
10, 20, 30 and 40 years of age, respectively, compared with 291, 364, 417, 433 and 439 mm by  281 
males, respectively.  282 
  283 
3.4 Duration and prevalence of spawning  284 
The mean monthly GSIs for female S. aequipinnis with FLs ≥ FL50 at maturity (i.e. 363  285 
mm) rose from 0.8 in February to 1.4 in April and then steeply to a maximum of 4.7 in May and  286 
remained  high  in  June and  July,  before  declining  precipitously  to  2.1  in  August  and  1.4  in  287 
September and remaining at ≤ 1.2 from October to December (Fig. 6). The corresponding mean  288 
monthly GSIs for male S. aequipinnis with FLs ≥ FL50 at maturity (i.e. 397 mm) followed similar  289 Page 16 of 42
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trends to those of females, reaching a maximum in May and declining in the ensuing months  290 
(Fig. 6).  291 
The gonads of all female and male S. aequipinnis with FLs ≥ FL50 in February and March  292 
were at stages I/II (Fig. 7). Females with stage III and IV ovaries and males with stage III and IV  293 
testes were first caught in April and May, respectively. Females and males with stage III and IV  294 
gonads  were  present  until  July.  Females  with  stage  V/VI  ovaries  were  found  from  May  to  295 
September, but were most prevalent from May to July, and males with stage V/VI testes were  296 
present between May and August (Fig. 7). Females and males with stage VII ovaries and testes,  297 
i.e. spent, first appeared in July and persisted until November. The gonads of all females and  298 
males in December were at stages I/II (Fig. 7).  299 
The trends exhibited by the mean monthly GSIs for females and males and the months  300 
when  females  and  males  with  gonads  at  stages  V  or  VI  were  present  demonstrate  that  301 
S. aequipinnis  spawns  between  May  (late  autumn)  and  September  (early  spring).  As  July  1  302 
represents the approximate mid-point of the spawning period, it was chosen as the birth date for  303 
S. aequipinnis.  304 
  305 
3.5 Lengths and ages at maturity  306 
The smallest mature female of S. aequipinnis measured 331 mm FL. The percentage of  307 
mature females increased sharply from 13% in the 325-349 mm FL class to 81% in the 350-374  308 
and 375-399 mm FL classes to essentially 100% of all females with FLs > 400 mm (Fig. 8). The  309 
smallest mature male measured 341 mm FL. The percentage of mature males increased from 5%  310 
in fish of 325-349 mm FL to 62% in the 375-399 mm FL class and to 89% in the largest fish (i.e.  311 
450-475 mm) and thus never reached 100% in any FL class (Fig. 8).   312 Page 17 of 42
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The fitted logistic model (using data for fish with FL, age, and maturity status  data)  313 
relating the probability that a male is mature to its FL and age, and allowing for the possibility  314 
that not all males attain maturity was  315 
.  316 
This model was not significantly different (likelihood-ratio test: P = 0.086) from the simpler  317 
model relating the probability of maturity to FL alone, but still allowing for a proportion of  318 
males failing to mature, i.e.  319 
.  320 
This latter model, however, was significantly different from (likelihood-ratio test: P = 0.018) and  321 
produced a better fit than the logistic model with only FL as the explanatory variable, but which  322 
assumed that all males would ultimately attain maturity, i.e.  323 
.  324 
Refitting the equation to the set of data for which FL and maturity status were available, i.e.  325 
including  some  fish  for  which  age  estimates  were  unavailable,  produced  estimates  of  326 
 (95% C.I. = 351-396) mm and   (95% C.I. = 354-472) mm,  327 
and the values of Pmax presented in Table 2.  328 
The FLs at which 50% of females and males reach maturity (FL50) were 363 and 379  329 
mm, respectively (Table 2).  330 
The youngest mature female and male of S. aequipinnis were both 7 years old (Fig. 8).  331 
The percentage frequency of mature females increased progressively with age, with the result  332 
that  all  females  ≥ 25  years  of  age  were  mature.  The  percentage  frequency  of  mature  males  333 
increased less rapidly and consequently all males did not become mature until they were > 35  334 Page 18 of 42
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years old (Fig. 8). The ages at which 50% of females and males reach maturity (A50) were 14.1  335 
and 16.1 years, respectively (Table 2).  336 
  337 
3.6 Mortality  338 
As the peak frequencies within the age compositions of both the females and males of  339 
S. aequipinnis were for age 19 years, the age at full recruitment used for the catch curve analysis  340 
for both species was 21 years.  The instantaneous rate of total mortality was estimated to be 0.09  341 
(0.07 – 0.11) year
-1 for females and 0.16 (0.13 – 0.19) year
-1 for males. The estimates of natural  342 
mortality M, obtained by substituting the maximum ages of females (68 years) and males (59  343 
years) into Hoenig’s (1983) equation for fish, were 0.06 year
-1 for females and 0.07 year
-1 for  344 
males.  By subtracting the estimates of natural mortality from those for total mortality, fishing  345 
mortality, F, was estimated to be 0.03 year
-1 for females and 0.09 year
-1 for males.  346 
  347 
4. Discussion   348 
4.1 Maximum lengths and ages  349 
  The maximum FL of 477 mm recorded for S. aequipinnis during the present study greatly  350 
exceeded the maximum FL of 310 mm for S. lineolatus in commercial catches from eastern  351 
Australia (Stewart and Hughes, 2005). It is thus not surprising that the maximum age of 68 years  352 
reported for S. aequipinnis was substantially greater than the 54 years for S. lineolatus, which  353 
supports the hypothesis that the greater size of the former species reflects a greater longevity.  354 
The western blue groper Achoerodus gouldii, the second most important commercial fish  355 
species on the same coast as S. aequipinnis (McAuley and Simpendorfer, 2003), is also larger  356 
and lives longer than its congener A. viridis in eastern Australia, i.e.1162 vs 773 mm TL and 70  357 Page 19 of 42
Accepted Manuscript
18 
 
vs 35 years (Gillanders, 1997; Coulson et al., 2009). Furthermore, the recreationally important  358 
foxfish Bodianus frenchii, which is of a similar medium-size to S. aequipinnis, can live for up to  359 
78 years (Cossington et al., 2010). Moreover, the maximum length and age of 1083 mm TL and  360 
38 years of the snapper Pagrus auratus on the south coast of Western Australia is greater than  361 
the 1056 mm TL and 29 years and 864 mm TL and 30 years recorded for two localities further  362 
north  (Wakefield,  2006).  The  fish  fauna  of  the  cool  temperate  waters  of  the  south  coast  of  363 
Western  Australia  thus  contains  some  relatively  long-lived  commercially  and  recreationally  364 
fished species.  365 
  366 
4.2 Growth  367 
  Although von Bertalanffy growth curves provided a good fit to the FLs at age throughout  368 
much of the age ranges of both female and male S. aequipinnis, they underestimated the FLs of  369 
older females, thereby paralleling the situation for S. lineolatus (Stewart and Hughes, 2005). As  370 
the Schnute growth curve provided a better fit to our data than the von Bertalanffy growth curve,  371 
we  followed  Stewart  and  Hughes  (2005)  in  using  this  curve  to  describe  the  growth  of  372 
S. aequipinnis.   373 
The FLs at age for both sexes of S. lineolatus were pooled by Stewart and Hughes (2005)  374 
to produce a common Schnute growth curve because the mean FLs of the females and males at  375 
an age at either end of the age range, i.e. 3 and 27 years, were not significantly different (P >  376 
0.10).  A  likelihood-ratio  test  showed,  however,  that  the  Schnute  growth  curves  derived  for  377 
female and male S. aequipinnis were significantly different (P < 0.001) and, thus, the growth  378 
curves for the two sexes of this species were kept separate.  379 Page 20 of 42
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  The growth of both sexes of S. aequipinnis is relatively rapid up to ~ 14-16 years in age,  380 
before slowing appreciably and levelling off at about 20 years. Thus, on the basis of the Schnute  381 
growth equation, the estimated FLs of 275, 343, 395 mm at 5, 10, and 20 years for females  382 
represent 65, 81 and 93%, respectively, of the predicted FL of 423 mm at the maximum age of  383 
68 years, and a FL equivalent to 90% of their L∞ was attained by 14 years of age by females and  384 
by 16 years of age by males. The growth of S. lineolatus was also rapid and essentially the same  385 
as for both sexes of S. aequipinnis up to a FL of ~ 200 mm and age of ~ 3 years (Fig. 5).  386 
However, in contrast to S. aequipinnis, the growth of the far smaller S. lineolatus then slows  387 
rapidly. Thus, on average, S. lineolatus reached 71% of the predicted asymptotic FL of 284 mm  388 
at its maximum recorded age of 54 years after 3 years, and was within 2% of that predicted FL  389 
by 10 years of age.  The marked divergence in the growth of S. aequipinnis and S. lineolatus  390 
after 3 years is reflected in a 65% lower asymptotic FL for S. lineolatus than for S. aequipinnis  391 
(Fig. 5).  392 
  393 
4.3 Length and ages at maturity  394 
The relationships between the FL50 at maturity and FL∞ and also between the A50 at  395 
maturity and maximum age for S. aequipinnis and S. lineolatus, which differed markedly, are  396 
compared with generalisations drawn for such relationships by Froese and Binohlan (2000) on  397 
the basis of data for 265 fish species. This showed that the FL50s at maturity for male and female  398 
S. aequipinnis and for both sexes of S. lineolatus combined exceeded the upper bounds of the  399 
95% confidence limits obtained by substituting their respective estimated FL∞ into the equation  400 
(1) of Froese and Binohlan (2000), which related the L50 at maturity to L∞ (Table 3).  This  401 
demonstrates that there have been strong selection pressures for maturation to occur in both  402 Page 21 of 42
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species at a particularly large body length for species with correspondingly similar asymptotic  403 
lengths.  404 
In contrast to the above trends, the observed maximum ages of females and particularly  405 
the males of S. aequipinnis fell within the 95% confidence limits obtained by substituting the  406 
respective estimated A50s into the equation of Froese and Binohlan (2000), which relates the  407 
maximum age to A50. The attainment of maturity by S. aequipinnis at an age typical for species  408 
with similar longevity therefore contrasts with the FL50 being atypically large relative to FL∞.  409 
Thus, while there have been selection pressures for maturation at a particularly large size in S.  410 
aequipinnis, this has not been accompanied by selection pressures for an increase in the age at  411 
maturity. However, the situation regarding age at maturity in S. lineolatus is different and quite  412 
remarkable  in  that  the  observed  maximum  age  of  54  years  lies  far  above  the  upper  95%  413 
confidence limit  for the maximum age of  13.3  years derived from the Froese and  Binohlan  414 
(2000) equation. In other words, the A50 of 2.5 years for S. lineolatus would be far more typical  415 
of a species with a far shorter life cycle. This clearly implies that there have been very strong  416 
selection pressures for this species to achieve maturity at a relatively large body size and young  417 
age, which suggests that, in the past, this species was subjected to extreme predation during early  418 
life.  This  parallels  conclusions  drawn  for  Cheilyodactilus  spectabilis  and  Nemadactylus  419 
macropterus, which are long-lived and likewise found in southern Australian (Ewing et al., 2007;  420 
Jordan, 2001; Coulson et al., 2010).  421 
  422 
4.4 Duration of spawning and attainment of maturity  423 
  The trends in the mean monthly GSIs and monthly percentage frequencies of occurrence  424 
of sequential gonadal stages demonstrate that S. aequipinnis spawns between May (late autumn)  425 Page 22 of 42
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and September (early spring), with a peak in winter. As the mean monthly GSIs of S. aequipinnis  426 
were highest in May to July and thus the same as for S. lineolatus in eastern Australia (Stewart  427 
and Hughes, 2005), these two congeneric scorpiids spawn at the same time on their respective  428 
opposite coasts of the Australian continent. Gonadal recrudescence in S. aequipinnis is initiated  429 
in April, and thus when day length starts to decline, thereby paralleling the typical situation with  430 
temperate fish species that spawn in winter and thus when water temperatures are low (Lam,  431 
1983). In waters off the south coast of Western Australia, S. aequipinnis spawns at a similar time  432 
to A. gouldii, i.e. early winter to mid-spring (Coulson et al., 2009), but slightly later than blue  433 
morwong, Nemadactylus valenciennesi, i.e. mid-summer to early winter (Coulson et al., 2009)  434 
and much earlier than P. auratus, i.e. mid- to late spring (Wakefield, 2006) and B. frenchii, i.e.  435 
mid-spring  to  late  summer  (Cossington et al.,  2010).  The  timing  of  the  spawning  period  of  436 
P. auratus and B. frenchii is consistent with those of temperate species whose spawning activity  437 
is stimulated by long photoperiods and warm water temperatures (Lam, 1983).      438 
  Although the FL50s of both sexes of S. aequipinnis at maturity were virtually identical, all  439 
but one of the 51 females whose FL exceeded 400 mm were mature during the spawning period,  440 
whereas  23  of  the  85  corresponding  males  were  immature.  Likewise,  all  but  two  of the  62  441 
females ≥ 20 years of age were mature, whereas only 9 of the 53 males in the corresponding age  442 
range were mature. This implies that, as their size and age increases, females have a greater  443 
tendency to progress through to maturity than their males and that their maturation is length  444 
rather than age dependent.   445 
  446 
4.5 Mortality estimates and management implications  447 Page 23 of 42
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  As the fishing mortality of males of S. aequipinnis exerted by the commercial line fishery  448 
greatly exceeded that of females, there is a bias towards the capture of males.  This accounts for  449 
the number of males being relatively greater than females among the younger fish. However,  450 
because males have a greater fishing mortality than females, they are less abundant in older age  451 
classes than females and thus no longer dominate those age classes > 30 years (Fig. 4). It is  452 
relevant that the number of males started greatly to exceed that of females in the 15-19 age class  453 
and remained markedly higher in the ensuing two age classes when, on average, the males have  454 
become larger than females (Fig. 5). This suggests that males become more susceptible than  455 
females to capture by line fishing when, from the growth curves, they are attaining a larger size  456 
(Fig.  5).  The  possibility,  however,  that  the  greater  numbers  of  males  could  reflect  other  457 
behavioural differences between the sexes or a greater tendency for males to congregate in areas  458 
where commercial fishers operate cannot be excluded.  459 
In contrast to S. aequipinnis, the proportion of females was greater than that of males in  460 
commercial catches of S. lineolatus in eastern Australia, where the catches of this species are far  461 
greater (Stewart and Hughes, 2005). Although the commercial fishery for S. lineolatus employs  462 
traps and purse seines rather than hook and line, there is no indication from the data in Stewart  463 
and Hughes (2005) that the methods used for S. lineolatus favour the capture of a particular sex.  464 
Thus, as samples of S. lineolatus comprised more females than males, and assuming that the sex  465 
ratio is at parity at the commencement of life, the females apparently suffer less mortality than  466 
males. As S. lineolatus exhibits “residential” behaviour and the samples were considered to be  467 
representative of assemblages that had only been lightly exploited (Stewart and Hughes, 2005),  468 
the predominance of females  in  catches  suggests  that the natural  mortality of  this  sex of  S.  469 
lineolatus is less than that of males.  470 Page 24 of 42
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Fishery  managers  in  Western  Australia  have  adopted  target  and  threshold  fishing  471 
mortalities of 2/3 M and M, respectively, for demersal fish in south-western Australia, where M =  472 
natural mortality (Wise et al., 2007). If these reference points are applied to the stock of S.  473 
aequipinnis on the southern coast of Western Australia, target fishing mortalities for females and  474 
males would be 0.04 and 0.05 year
-1, respectively, and threshold values would be 0.06 and 0.07  475 
year
-1, respectively.  The current estimate of F = 0.03 year
-1 for females lies slightly below the  476 
target reference point, and thus well below the threshold, whereas the estimate of F for males,  477 
i.e. 0.09 year
-1, slightly exceeds the threshold level.  478 
The  finding  that  the  males  suffer  greater  mortality  than  the  threshold  level  was  479 
unexpected as annual commercial catches of this species during the past ten years have been  480 
small, i.e. ~ 4 tonnes/year, and recreational fishers are reluctant to target or retain this species as  481 
more desirable species, such as P. auratus and Centroberyx gerrardi, are abundant on the south  482 
coast.  It  is  relevant  that  Stewart  and  Hughes  (2005)  suggested  that  the  large  decline  that  483 
occurred in the commercial catches of S. lineolatus in New South Wales was the result of serial  484 
depletion of local aggregations within which the individuals tend to remain in the same area.  485 
Thus, as the samples of S. aequipinnis came from a localised region (Esperance) and assuming  486 
that this species also exhibits the site fidelity typical of this family (Kingsford, 1989; Rohan et  487 
al., 1991; Stewart and Hughes, 2005; Gomon et al., 2008), the higher than expected fishing  488 
mortality of males may reflect local exploitation and probably does not apply to other areas on  489 
the south coast of Western Australia.  490 
While a comparison of mortality estimates with their reference points indicates that the  491 
level of fishing mortality for female S. aequipinnis is appropriate, it suggests that the exploitation  492 
of  males  in  the  area  that  is  commercially  fished  should  be  monitored  and  that  the  level  of  493 Page 25 of 42
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exploitation of the population as a whole should be assessed.  If analysis of future data indicates  494 
that  the  fishing  mortality  of  males  becomes  excessive,  it  would  be  prudent  to  introduce  495 
regulations to constrain the exploitation of this species and thus of this sex. This conclusion is  496 
consistent  with  the  fact  that  the  stocks  of  long-lived  species,  such  as  S. aequipinnis,  are  497 
particularly susceptible to over-exploitation, even when fishing mortality is apparently low, as  498 
with this scorpiid. The degree to which S. aequipinnis exhibits site fidelity should be investigated  499 
to determine the extent of the potential for local declines in abundance and thus their impact on  500 
the stock as a whole.  501 
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Table 1   593 
Estimates for (a) the von Bertalanffy growth parameters FL∞, k and t0, and (b) Schnute growth  594 
parameters a, b, FL1, and FL2, for females and males of Scorpis aequipinnis from the south coast  595 
of Western Australia and for Scorpis lineolatus on the coast of Australia, together with the upper  596 
and lower 95% confidence limits for the parameters of each curve. In (b),  FL1 and FL2 are the  597 
mean FLs at ages 1 and 25 years, respectively, for Scorpis aequipinnis and 3 and 30 years,  598 
respectively,  for  Scorpis  lineolatus.  The  von  Bertalanffy  growth  parameters  for  Scorpis  599 
lineolatus were calculated using data kindly provided by J. Stewart (Cronulla Fisheries Research  600 
Centre of Excellence, NSW), while those for the Schnute growth parameters were those reported  601 
by Stewart and Hughes (2005).  602 
  603 
  Scorpis aequipinnis    Scorpis lineolatus 
    Females        Males           
  Estimate  Lower  Upper    Estimate  Lower  Upper    Estimate  Lower  Upper 
(a) 
FL∞  405  398  411    429  424  436    264  260  268 
k  0.18  0.16  0.21    0.18  0.16  0.21    0.43  0.36  0.49 
t0  -0.77  -1.33  -0.20    -0.58  -1.13  -0.02    -0.70  -1.02  -0.37 
r
2  0.91        0.84        0.75     
n  300        417        262     
(b) 
a  0.09  0.06  0.12    0.10  0.01  0.13    0.08  0.06  0.10 
b  2.75  2.31  3.34    2.58  2.14  3.11    4.78  4.08  5.48 
FL1  0.01  0.01  0.01    0.01  0.01  0.01    199  196  203 
FL2  406  403  408    427  424  430    278  274  282 
  424  415  434    442  434  453    284     
r
2  0.89        0.87        0.86     
n  300        417        262     
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Table 2  605 
Estimates of the FLs and ages at which 50 and 95% of female and male Scorpis aequipinnis  606 
reach maturity (FL50 and FL95, respectively, and A50 and A95, respectively) in waters off the south  607 
coast of Western Australia and their respective lower and upper 95% confidence limits. The  608 
value  of  Pmax  and  its  95%  confidence  limits  for  male  Scorpis  aequipinnis  are  shown  in  609 
parentheses. Note that values for FL95 and its confidence limits are not presented for males as the  610 
estimate of Pmax for this sex was less than 0.95.  611 
  612 
    FL50 (mm)  FL95 (mm)    A50 (years)  A95 (years) 
Female  Estimate  363  405    14.1  21.5 
  Upper  371  419    15.7  24.7 
  Lower  353  387    12.6  18.5 
Male  Estimate  379 (0.76)      16.1  27.9 
  Upper  398 (0.99)      17.9  32.6 
  Lower  353 (0.64)      14.4  24.4 
  613 
  614 
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Table 3. Comparisons of the estimated and predicted FL50 at maturity and the observed and  616 
predicted maximum ages for the females and males of Scorpis aequipinnis and for both sexes  617 
combined for Scorpis lineolatus (Stewart and Hughes, 2005). The predicted values were  618 
calculated by substituting the FL∞ and A50 at maturity for those species (Tables 1 and 2, and  619 
setting A50 = 2.5 years for S. lineolatus) into the equations of Froese and Binohlan (2000), which  620 
relate FL50 at maturity to FL∞ and maximum age to A50 at first maturity and were derived from  621 
data for 265 fish species.  The values in parentheses represent the 95% confidence intervals.   622 
  623 
  FL50 at maturity (mm)    Maximum age (years) 
  Estimated  Predicted    Observed  Predicted 
Scorpis aequipinnis           
Females  363 (353-371)  266 (201-352)    68  44.3 (28.3-69.3) 
Males  405 (387-419)  231 (165-324)    59  50.3 (32.2-78.7) 
           
Scorpis lineolatus           
Sexes combined  172 (164-180)  106 (79-142)    54  10.1 (6.5-15.7) 
  624 
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List of Figures  626 
Fig. 1. Mean monthly values ± 1 SE for sea surface temperature (black circles) and day length  627 
(grey  circles)  off  Esperance.  The  timing  of  the  spawning  period  for  blue  morwong  628 
(Nemadactylus  valenciennesi),  sea  sweep  (Scorpis  aequipinnis),  western  blue  groper  629 
(Achoerodus gouldii), snapper (Pagrus auratus) and foxfish (Bodianus frenchii) in waters off the  630 
south coast of Western Australia are indicated by black horizontal bars at the top of the figure.  631 
On the x-axis, closed rectangles refer to summer and winter months and the open rectangles to  632 
autumn and spring months.  633 
  634 
Fig. 2. Sectioned otoliths of Scorpis aequipinnis with a) 0, b) 2, c) 31 and d) 58 opaque zones,  635 
showing the large central opaque region surrounding the primordium and with the opaque zones  636 
in b-d being denoted by white points. Arrows indicate areas of scalloping.  637 
  638 
Fig.  3. Mean monthly  marginal  increments  ±  1 SE on sectioned sagittal otoliths  of  Scorpis  639 
aequipinnis with different numbers of opaque zones. Sample sizes are given above each mean.  640 
On the x-axis, closed rectangles refer to summer and winter months and the open rectangles to  641 
autumn and spring months.  642 
  643 
Fig. 4. Length and age-frequency distributions for Scorpis aequipinnis caught on the south coast  644 
of Western Australia.   and   refer to females and males, respectively, caught by spear fishing.  645 
 and   refer to females and males, respectively, caught by commercial fishers. Number of  646 
females and males caught by spear fishing and commercial fishers are displayed.   647 
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Fig. 5. von Bertalanffy growth curves (dashed line) and Schnute’s (1981) four parameter growth  649 
curves  (solid  lines)  for  females  and  males  of  Scorpis  aequipinnis  and  von  Bertalanffy  and  650 
Schnute’s (1981) growth curves for females and males of Scorpis lineolatus combined (dotted  651 
lines).  The  von  Bertalanffy  growth  curve  for  Scorpis  lineolatus  was  constructed  using  data  652 
kindly provided by J. Stewart (Cronulla Fisheries Research Centre of Excellence, NSW), while  653 
the Schnute growth curve is that shown in Stewart and Hughes (2005). n = sample sizes for  654 
female and male S. aequipinnis.  655 
  656 
Fig. 6. Mean monthly gonadosomatic indices ± 1 SE for female and male Scorpis aequipinnis  657 
greater than the respective FLs of those sexes at maturity, i.e. 363 and 379 mm. Sample sizes are  658 
given above each mean. On the x-axis, closed rectangles refer to summer and winter months and  659 
the open rectangles to autumn and spring months.  660 
  661 
Fig.  7.  Monthly  percentage  frequencies  of  occurrence  of  sequential  stages  in  the  gonadal  662 
development of female and male Scorpis aequipinnis greater than the respective FLs of those  663 
sexes at maturity, i.e. 363 and 379 mm. Histograms for stages V/VI are highlighted in black. n =  664 
sample size.  665 
  666 
Fig.  8.  Percentage  frequencies  of  occurrence  of  female  and  male  Scorpis  aequipinnis  with  667 
mature gonads (grey histograms) in sequential 25 mm FL and five-year age classes in samples  668 
obtained during the peak spawning period, i.e. May to July. Logistic curves (solid line) and their  669 
95% confidence limits (dashed lines) were derived from the probability that a fish at a given FL  670 
or age is mature. Sample sizes for each FL and each age class are shown.  671 Page 35 of 42
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